The first collisions of lead nuclei, delivered by the CERN Large Hadron Collider (LHC) at the end of 2010, at a centreof-mass energy per nucleon pair √ s NN = 2.76 TeV, marked the beginning of a new era in ultra-relativistic heavy-ion physics. The study of the properties of the produced hot and dense strongly-interacting matter at these unprecedented energies is currently experimentally pursued by all four big LHC experiments, ALICE, ATLAS, CMS, and LHCb. The more than a factor 10 increase of collision energy at LHC, relative to the previously achieved maximal energy at other collider facilities, results in an increase of production rates of hard probes. This review presents selected experimental results focusing on observables probing hard processes in heavy-ion collisions delivered during the first three years of the LHC operation. It also presents the first results from Run 2 heavy-ion data at the highest energy, as well as from the studies of the reference pp and p-Pb systems, which are an integral part of the heavy-ion programme.
Introduction
The aim of ultra-relativistic heavy-ion physics is to study strongly interacting matter under extreme conditions of high temperature and energy density, where quantum chromodynamics (QCD), the theory of strong interactions within the Standard Model, predicts a transition to a new phase of matter, the quark-gluon plasma, QGP (i.e. see [1] and references therein). The QGP is considered to be the QCD ground state, where partons (quarks and gluons) are deconfined, i.e. no longer bound into composite particles. In addition, chiral symmetry is (approximately) restored, i.e. light quarks are (approximately) massless. Such a state of matter existed in the primordial universe, microseconds after the Big Bang, and may still exist today in the cores of neutron starts.
Based on the QCD calcularions on the lattice, the transition from normal (nuclear or hadronic) matter to the QGP is expected to occur at a critical temperature 1 of the order of ∼200 MeV (more than 10 12 K) -the order of the QCD scale parameter, Λ QCD . In order to achieve the conditions necessary for the formation of the QGP, a large volume of hot and dense matter is thought to be required, and therefore such research has been pursued with collisions of heavy nuclei at the highest possible collision energies. Because the strong coupling constant at the energy scale of the processes relevant to the production of the bulk of the matter (i.e. soft sector) is large, techniques such as pQCD are no longer applicable. Therefore, the heavy-ion research field presents a unique opportunity, as well as a testing ground, of novel approaches to QCD in a new regime where the strong interaction is indeed strong. Particularly at the high energy regime of Large Hadron Collider (LHC), ultra-relativistic heavy-ion physics connects the better-known "elementary-interaction" aspects of high-energy physics with the "macroscopic-matter" aspects of nuclear physics still to be explored. Hence, a novel, interdisciplinary approach to investigate matter along with its interactions is being developed applying ideas and methods from both high energy and nuclear physics. Those span today from computationally intensive numerical solutions (lattice QCD), thermodynamical and statistical methods, classical solutions in the high-density limit (Colour Glass Condensate) up to quantum gravity (Conformal Field Theory in Anti-de-Sitter Space or AdS/CFT).
In general, such studies are expected to provide information on the properties of large, complex systems including elementary quantum fields, and an indication on the influence of the microscopic laws of physics, expressed by the "QCD equations", on the macroscopic phenomena like phase transitions and critical behaviour. In this context the study of nuclear matter and its different phases is of relevance also beyond the QCD specific domain, because phase transitions and symmetry breaking are principal concepts of the Standard Model and the QCD phase transitions are the only ones that are within reach of laboratory experiments. In summary, the tasks of the heavy-ion research field is to search for the predicted QGP, measure its properties, study and potentially discover QCD aspects in the nonperturbative sector.
Experimentally, this new and rapidly evolving research field has already presented a wealth of experimental results since the first pioneering experiments, started at relativistic energies in late 70s. With the first ion beams at LHC the energy in the center-of-mass system per nucleon pair, √ s NN , increased by four orders of magnitude in slightly more than 25 years. At the time of the LHC startup, after about ten years of research at RHIC at √ s NN up to 200 GeV and a similar time at fixed-target machines at about one tenth of this energy, discovery of QGP is well established and the systematic characterization of its properties well advanced, a claim based on theoretical interpretation of a large sample of comprehensive experimental data available already before the startup of LHC [4] [5] [6] [7] [8] [9] . An overview of recent LHC results focusing on bulk, so-called soft observables can be found in the accompanying article [10] published in the same journal and summarized below. In contrast to the expectations that the QGP would have properties similar to an almost ideal, weakly coupled gas of quarks and gluons, experimental results from RHIC, summarized in 2005 [6] [7] [8] [9] , have shown that a hot, strongly interacting, nearly perfect and almost opaque liquid, also called the sQGP (s standing for strongly interacting) was produced in central (head-on) Au-Au collisions at the top RHIC energy. The created medium has very small shear viscosity (therefore, it is characterized by very limited internal friction) and responds to pressure gradients by flowing roughly unobstructed [11, 12] . Moreover, it is almost opaque -most of the energy of fast partons propagating through it is absorbed. Describing QGP as a "fluid" indicates properties of "macroscopic matter" and collective degrees of freedom (within the hydrodynamic models framework), existing for a time significantly larger than the relevant relaxation times and with dimensions substantially larger than the mean free path. The aspect of "perfect liquid" was justified from measurements of collective particle motion, known as"elliptic flow", which develops as a response to the initial geometric conditions (reflected by the impact of the collision 2 ) and pressure gradients in the collision overlap region where the QGP is created, for details see [10] . The magnitude of elliptic flow at RHIC was found to exceed the maximum possible value predicted by hydrodynamics for a given initial deformation, corresponding to the reaction of a perfect liquid with minimal shear viscosity over entropy density ratio, which is reached in an extremely strongly interacting system with mean free path approaching the smallest possible value (the Compton wavelength). The measurement of direct 3 "thermal" photons radiated by the deconfined quark-gluon matter and its interpretation within hydrodynamic based models gave an estimate of the initial temperature of the hot liquid of at least about 300 MeV. The opaque aspect of this liquid came from the observed suppression of high-p T particles (typically leading jet fragments) relative to pp collisions, by a factor of about 5 which is also an indication of very strong final state interactions. It was verified with essential control measurements that the suppression was not seen in d-Au interactions (eliminating as the reason effects present in cold nuclear matter) as well as not seen with colour neutral probes, establishing, therefore, that the observed suppression in nuclear collisions is due to the strong interactions in the final state caused by the QGP.
From the RHIC results, in less than 10 years, a "Heavy-Ion Standard Model" (HISM) emerged, describing the dynamic evolution and characterizing the high density state created in ultra-relativistic heavy-ion collisions [13, 14] . The current understanding is that the fireball created in such collisions is in local thermodynamic equilibrium well described by hydrodynamics, i.e. particle chemistry is in agreement with thermal model predictions and particle spectra show patterns of radial and elliptic hydrodynamic flow. Therefore, one of the main goals at LHC was to measure, with increased precision and new, unique probes, the parameters that characterize this new state of matter. After verifying first that the global event characteristics, reflecting the bulk matter properties (such as energy density, volume, lifetime) are indeed different at the LHC energy regime, while the evolution and the intrinsic medium properties are still properly described by the HISM, the LHC programme focused on precision measurements of the QGP parameters (i.e. equation-of-state, viscosity, transport coefficients, Debye screening mass).
First results at LHC came fast covering a variety of topics and painting the general picture while detailed multidifferential measurements are still being pursued. The HISM could be probed, for the first time, in a higher energy regime [13, 14] ; it was found to be robust enough and provided reliable extrapolations and predictions at both Pb-Pb energies ( √ s NN = 2.76 and 5.02 TeV) that LHC delivered so far. Indeed, as expected at the higher center-of-mass energy of LHC the created matter was found to be characterized by larger energy density, freeze-out volume, and lifetime in comparison to RHIC, while the most critical tests of HISM came from the experimental measurements of flow (azimuthal angle anisotrophy) observables at LHC which are found in agreement with HISM predictions [15, 16] . Detailed studies for a more precise determination of the shear viscosity as well as its temperature dependence studying Pb-Pb collisions at 2.76 TeV and first results at 5.02 TeV are presented in the accompanying article [10] together with further results exploring still unanswered questions of effects such as the hadronization phase and the interplay of soft and hard processes. The energy advantage of LHC is more apparent in the area of parton energy loss associated to the opaque nature of the sQGP where the kinematic regime exceeds by far the one reached at RHIC. The most important impact of the increase of the collision energy is the large increase of the rates of hard probes, such as jets, electro-weak particles and heavy flavours, including the full family of quarkonia (cc and bb bound states). The available high rates make possible precision studies of the QGP using the interactions of these probes with the medium constituents, which are under better theoretical control than the propagation of light partons [17] . In addition, some observables, e.g. very highenergy jets, electro-weak bosons, and different Υ states, are accessible in heavy-ion collisions for the first time. A new generation of powerful, large-acceptance, state-of-the-art experiments, ALICE, ATLAS, CMS, and LHCb provided a great advantage that made this task possible.
This article presents a subjective selection of representative results of heavy-ion research from the first three years of LHC Run 1 with emphasis on the hard observables, abundantly available at LHC, used to probe the created system. Together with the Pb-Pb results at √ s NN = 2.76 TeV we also discuss results from pp and p-Pb collisions most relevant to the hard probes and published at the time of writing. We also present in the same journal a similar review of results on global bulk matter properties and the dynamics of the created system accessible via soft probes [10] . Other reviews of heavy-ion LHC results and references to the literature can be found in [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Energy loss
The high energies reached in heavy-ion collisions at the LHC allow precision studies of hard processes that involve high momentum or mass scales, larger than any scale of the QGP medium produced in the collision. Such probes originate from hard partonic scatterings at the very initial stage of the collision (τ ∼ 1/Q, where Q is the virtuality transfer), before the QGP is created, and therefore experience the full evolution of the created fireball. They are regarded for this reason as "external probes". Hard probes can be computed in perturbative QCD; their production and propagation through the medium can thus provide the means to probe experimentally the nature and properties of the medium they traverse, through their interactions with its constituents.
One of the most studied medium induced effects is the attenuation of jet yields (or modification of jet spectra) due to the energy loss of the parent parton, commonly known as "jet quenching", initially proposed by Bjorken in 1982 [27] . Since then, theoretical advances have established the studies of energy loss as a precision tool to probe the nature and properties of the traversed medium [28] .
In a perturbative QCD framework energy loss is expected to occur both via inelastic (radiative energy loss, via medium induced gluon radiation) [29] and elastic (collisional energy loss) [30] processes. Radiative energy loss dominates at high energies while elastic energy loss is expected to contribute at lower energies.
The amount of energy lost, ∆E, is predicted to depend on the properties of the medium, in particular its opacity (associated to the medium density and the interaction strength) and the path length traversed inside the medium. In general, the strength of the interaction of partons with the constituents of the medium is characterized by the transport coefficients (for radiational energy loss usually given byq, the average transverse momentum squared acquired by the parton per unit path length). Overall, such studies probe different aspects of the energy loss mechanism, the interaction strength and properties of the medium as detailed [31, 32] .
The parton energy loss via medium-induced gluon radiation is predicted to decrease with increasing parton mass [33] . The main reason for this is the so-called "dead-cone effect", introduced first for the vacuum radiation [34] and then applied, in a similar way, to the medium-induced radiation [33] . Due to a destructive interference, the radiation is suppressed in directions close to that of the quark. The heavier the quark is, the larger the exclusion region. In addition, at the LHC energies, the light flavoured-hadrons (at p T of order 10 GeV/c) mostly originate from gluon fragmentation [35] while heavy-flavoured hadrons are produced via the fragmentation of the corresponding heavy quarks. Because gluons have larger colour charge than quarks, and therefore larger colour coupling, they are expected to suffer more radiative energy loss in the deconfined medium. Therefore, the expectation is that heavy quarks (charm and bottom) lose less energy compared to lighter ones (up, down, strange) [33] , leading to a hierarchy for the energy loss, ∆E gluon > ∆E light quark > ∆E charm > ∆E bottom in the kinematic regime where the mass cannot be neglected with respect to the parton momentum.
The effect of energy loss is usually quantified through the nuclear modification factor, which is the yield of a given observable (such as charged hadrons, identified particles and/or reconstructed jets) measured in nucleus-nucleus collisions, AA, properly normalized to the pp measurement at the same nucleon-nucleon energy:
If an AA collision behaved like a simple superposition of independent N coll 4 pp collisions, the R AA would be equal to 1. However, for soft processes, such as particle production at p T below a few GeV, the scaling from pp to AA is governed by N part rather than by N coll , leading naturally to an R AA below unity in that p T region. Departure of R AA from unity signals a change of physics in AA collisions and provides input to quantify medium induced effects. On the basis of the above arguments the effects of the QGP medium formed in the collision would lead to an experimentally observed suppression pattern R light AA < R charm AA < R beauty AA [17] . The study of differential observables is expected to shed light into the different interaction mechanisms. In particular, the dependence of the parton energy loss on the path length traversed in the medium is predicted to be linear for collisional energy loss [30, 37, 38] and close to quadratic for radiative processes in a QGP [39] (and even a cubic dependence on the path length is predicted within the AdS/CFT framework).
The path-length dependence of energy loss can be probed experimentally by studying the dependence of the yields of hard probes on the collision centrality. Because the energy loss suffered by a parton depends on the traversed path length in the medium, it is expected that in central heavy-ion collisions the total energy loss will be larger than in peripheral ones. However, when comparing results of central and peripheral collisions one has to bear in mind the differences of the medium conditions (central collisions are expected to create a hotter, denser medium). Further insight into the path-length dependence of parton energy loss is expected to be gained studying the dependence of the yields of hard probes on the azimuthal angle relative to the reaction plane in non-central Pb-Pb collisions [40] . Noncentral heavy-ion collisions create an initially almond-shaped collision zone where pressure gradients are developed due to reinteractions of the created medium, and transform the initial spatial anisotropy to a measurable momentum anisotropy reflected to an azimuthal angle anisotropy. Such an anisotropy can be quantified by the so-called elliptic flow v 2 [10] , which can be extracted from v 2 = cos 2(ϕ − Ψ 2 ) , where Ψ 2 is the azimuthal angle of the 2 nd order symmetry plane of the overlap region, and ϕ is the particle's azimuthal angle (by applying a Fourier decomposition to the measured distribution [41] ) as detailed in the accompanying article on soft observables [10] . A larger suppression is expected out-of-plane than in-plane as partons traverse a larger path along the longer axis of the initially almondshaped collision zone. Such studies allow the measurement of the relative energy loss that hard probes suffer traversing different lengths of the medium under the same medium conditions. However, to be able to quantify any changes caused by the presence of the medium, it is important to establish the initial flux and conditions with precise measurements of the total cross sections. It is also crucial to compare the AA results systematically with reference pp (and pA) collisions at the same centre-of-mass energy and an appropriate kinematic regime.
Experimentally, first manifestations of parton energy loss were observed at RHIC, establishing that a very opaque partonic medium was created in Au-Au central collisions at √ s NN = 200 GeV [42] [43] [44] . Sophisticated, large acceptance, state-of-the-art detectors combining precision tracking and vertexing with calorimetry allow studies not only of high-p T hadrons but also of reconstructed jets, and high-precision measurements of heavy-flavoured particles as well as of flavour-tagged jets.
An added advantage at LHC is the availability of probes that do not interact strongly with the medium such as real and virtual photons at high p T as well as electro-weak bosons. Such control probes, including the W and Z (decaying in the leptonic channels), reconstructed in heavy-ion collisions for first time, allow testing perturbative QCD in nuclear collisions.
The goal of systematic multi-differential studies of hard probes in pp, pA and AA collisions is to shed light on the details of parton energy loss, disentangle the interplay of different mechanisms, and ultimately characterize the properties of the created medium. Measurements of "jet quenching" at LHC through the study of high-p T particles are presented in Sec. 3 and results using reconstructed jets are discussed in Sec. 4 . Further details on heavy-flavour energy loss as well as the expected flavour and path-length dependence of parton energy loss are described in Sec. 5.1 while Sec. 5.2 is focusing on properties of quarkonia bound states and their modification due to the presence of the medium.
High p T particles
The nuclear modification factor of charged particles for SPS, RHIC and LHC is shown in Fig. 1 -left [45] [46] [47] [48] [49] [50] . The LHC measurements show a slightly stronger suppression than those from RHIC [42, 43] ; the largest measured suppression, in the p T range 6-9 GeV/c, is at the LHC a factor of about 7, while at RHIC a factor of 5 was observed. A completely new observation at the LHC is that with increasing p T the suppression becomes smaller, i.e. R AA increases. By extending the p T up to 300 GeV/c for √ s NN =5.02 TeV, see Fig. 1 -right, CMS [45, 51] showed that the maximal suppression is followed by a rising trend up to the highest transverse momenta measured in the analysis. This demonstrates that even very energetic partons of the highest p T suffer considerable energy loss interacting with the medium. A summary of measurements of the R AA of charged hadrons and electro-weak bosons is shown in Fig. 2 -left; the charged-particle R AA in central Pb-Pb collisions at √ s NN = 2.76 TeV [45, 54, 55 ] is compared with the R AA of W, Z (from leptonic decays) [56] [57] [58] [59] and (isolated) photons [60] at the same energy, as well as to the R pPb from p-Pb collisions at √ s NN = 5.02 TeV [55] .
The LHC experiments also measured the p T dependence of R AA for different collision centralities [45, 52, 53] . The agreement of the different experimental measurements (when results are compared at similar centralities and rapidity windows) is remarkable. Charged-particle production is, as expected, progressively less suppressed going from central to peripheral Pb-Pb collisions. This observation is consistent with the predicted path-length dependence of energy loss. By comparing different models to experimental data from CMS [45] and ALICE [52] values of the transport coefficientq ≈ 1.7-1.9 GeV 2 /c were extracted [64, 65] . In addition, the measurements ( Fig. 2-left) show that (isolated) photons and the W and Z bosons (in the leptonic decay channel) which do not carry colour charge, are not suppressed [56, 57, 66] . This observation is compatible with the hypothesis that the origin of the suppression of charged hadrons is the final-state interactions with the created hot and dense medium. Additional support comes from the p-Pb data, which were expected to distinguish initialfrom final-state effects. First results of R pPb measurements from the p-Pb pilot run at √ s NN = 5.02 TeV [54, 55] are also compared to the Pb-Pb data in Fig. 2 -left. The ALICE R pPb measurement at high p T is comparable with unity and thus shows no indication of nuclear matter modification of hadron production and is consistent with binary collision scaling, as well as with Pb-Pb observables that are not affected by hot QCD matter, like direct photons [60] and electroweak gauge bosons [56, 57] . This is in line with the hypothesis that the observed suppression of hadron production at high p T in central Pb-Pb collisions is not due to initial-state effects and implies that the origin of this suppression is the produced hot quark-gluon matter in Pb-Pb collisions [54, 55] . At the LHC, the nuclear suppression factor is also studied with identified particles, which further constrains theoretical models of energy loss. For light-flavoured particles, π, K, p, at low p T , a mass ordering related to radial for neutral pions (π 0 ), charged hadrons (h ± ), and charged particles [45] [46] [47] [48] [49] [50] , compared to several theoretical predictions (for references see [45] ).
Figure from [45] . (Right) Charged particle R AA measured by CMS in 0-5% centrality interval at flow is seen [67] , while at high p T the R AA of all particles is compatible with each other, showing that at high p T the medium affects them in a similar way. In addition, systematic studies of the suppression of heavy-flavoured particles compared to light hadrons allow testing the predicted flavour-dependent hierarchy pattern of suppression, as detailed in Sec. 2 and Sec. 5. Moreover, studies of identified particles were also performed in p-Pb collisions [61] , see is visible. Such an enhancement, observed in Pb-Pb collisions, was associated to collective effects (see [10] ). This similar trend, also observed in p-Pb collisions, suggests by analogy a possible collective origin.
Jets
a. Single jets. The R AA suppression pattern observed for charged particles was confirmed and extended using fully reconstructed jets over a wide p T range. Compared to measurements based on individual high-p T hadrons as described in Sec. 3, studies of reconstructed jets provide the advantage of a more direct connection between the p T and direction of the measured jet and the ones of the initial parton. In heavy-ion experiments at collider energies, jets can be reconstructed using a combination of tracking of charged particles with measurements in electromagnetic and hadronic calorimeters. Typically the detected particles are grouped within a given angular region, i.e. a cone with radius R which has to be optimized taking into account the background of the underlying event (formed by the soft particles produced in the collision). Detailed studies have shown that it is possible to reconstruct jets above the fluctuations from the background event even in the high-multiplicity environment of heavy-ion collisions. Since the background can mimic medium-induced effects and affects the measurements, in particular correlation results [68] , increasingly sophisticated methods are being developed to control it [69] .
The ATLAS jet measurements of R AA [70] reveal that the strong observed charged-hadron suppression of R AA of 0.5 in central Pb-Pb collisions at LHC persists up to the highest measured p T , extended up to 400 GeV/c, showing that the medium created in Pb-Pb collisions is so opaque that it can quench even the most energetic jets. It is, however, interesting to experimentally verify if very high-p T jets should remain unaffected and determine the related p T range. In addition, a clear centrality dependence is observed, as for single hadrons. Also, R AA shows a slow increase with [55] . The Pb-Pb data are for charged particle [45, 55] , direct photon [60] , Z 0 [57] , and W ± [56] production at midrapidity. Figure from [55] . The next panel shows a zoom at low-p T of R pPb for identified particles (π, K, p, Ξ). Figure from [61] . (Right) Elliptic flow coefficient v 2 of charged particles [58, 62] measured by ALICE (orange) and CMS (green), compared to full jets from ATLAS (blue) [40] comprising both charged and neutral fragments and charged jets v jet 2 from ALICE (black) [63] . Note that the same parton p T corresponds to different single particle, full jet and charged jet p T . Figure from [63] .
p T for central collisions. Such a rise could indicate a preferential quenching of gluon jets (relative to the quark jets), as the quark-to-gluon ratio increases with p T . However, this ratio is also expected to increase with rapidity, and no such dependence is observed [70] . Further investigations [71] show that the increase in single hadron R AA is solely due to the initial reference spectrum from pp collisions. Related measurements were performed by CMS [72] and ALICE [73] , the latter also accessing the particularly interesting lower p T regions, down to p T ≈ 30-40 GeV/c, which is the region where medium effects and different processes are reflected and can be disentangled. The results of the different LHC experiments are in good agreement despite the different analysis methods. The observation that the single inclusive jet suppression is similar to that for single hadrons could be understood if the dominant mechanism of parton energy loss is through radiation outside the jet cone used for the jet reconstruction.
To probe the energy loss suffered by the parton as a function of the distance traversed in the medium, and test the predicted path-length dependence of energy loss, measurements of the variation of the jet yield in-and out-of-plane, employing v 2 (see Sec. 2), are performed. Results on the jet v 2 measurement [40, 63] is observed in semi-central collisions (black points and blue squares) while no (significant) p T dependence is visible. This experimental observation establishes a clear relationship between the measured jet suppression and the details of the initial nuclear geometry; thus, it confirms not only the existence of the medium, but also the expectation that the jet suppression is strongest in the out-of-plane direction where partons traverse the largest amount of hot and dense matter.
b. Jet correlations. Even inspecting by bare eye the energy distributions of the first heavy-ion events recorded at LHC, see Fig. 3 -(a), one could observe a large number of events with a high-p T reconstructed jet (e.g. of order of 100 GeV/c) whose energy was not fully balanced by the energy of a back-to-back high-p T partner jet.
This modification of the dijet properties relative to the reference pp collisions was quantified by measurements of the average dijet asymmetry for the leading and sub-leading jets in the event [74, 75] 
T , which is shown in Fig. 3-(b) , for the most central Pb-Pb collisions. A large number of unbalanced dijets is observed. Moreover, data show a strong evolution of the shape of the dijet asymmetry distribution as a function of both centrality and p T . These experimental observations can be understood assuming that the back-to-back partons traverse different path lengths in the QGP medium, and hence suffer different energy loss. A sizeable difference between the Pb-Pb and pp reference distributions persists even for the highest p T range, demonstrating that the medium created in Pb-Pb collisions can indeed quench also jets with very high p T . In addition, the azimuthal angle correlations of dijets was studied in pp and Pb-Pb collisions for different centralities [75, 76] , but no strong modification of azimuthal correlations was observed, indicating that the energy loss suffered does not alter the azimuthal angle of the back-to-back partners relative to the pp (vacuum) distributions.
Studies of p-Pb collisions show that for minimum bias events the nuclear modification of dijet [77] and single jet distributions [78] is very small and compatible with expectations from the nuclear modification of parton densities (in fact these measurements can be used to constrain them [79] ). Measurements of inclusive jets and dijets provide only limited information since the initial jet energy is not well defined. In general, both initial partons of dijets suffer some energy loss, depending on the path length they traverse in the medium. Even if one of the jets is produced near the surface, the quantitative interpretation of the measurements of the dijet asymmetry is still biased from ambiguities (so-called "surface bias"), related to the unknown absolute initial energy of the jet. However, electro-weak gauge bosons retain the kinematics of the initial hard scattering because, not carrying colour charge, they are not affected by the medium [56, 57, 60] , as already shown in Fig. 2 -left. Therefore, measurements of photon-jet events should not be affected by such ambiguities [82] . The photon can determine, on an event-by-event basis, the initial direction and momentum of the back-to-back associated parton. The measured energy of the reconstructed jet, compared to the energy of the photon, should then better quantify the amount of the energy lost by the jet traversing the medium. This makes the studies of photon-jet correlations one of the key methods to determine the initial energy of the parent parton which generated the jet [81, 83] . Figure 3 -(c) presents the mean fractional energy distribution carried by the jet opposite an isolated photon,
T , in Pb-Pb collisions compared to simulations (yellow histogram) [81] . With increasing centrality the distribution of collision data is seen to shift toward smaller x Jγ , which suggests that more and more of the jet momentum distribution is found below a minimum x Jγ , in contrast to the MC data, where the distribution of the ratio of the "true jet" to the "true photon" shows no centrality dependence. The photon-jet studies provide a clear evidence of parton energy loss, reducing biases present in charged-hadrons measurement, because of a better determination of the photon initial energy. Similar ongoing measurements of Z-jets promise to provide an additional handle on such studies. Precision studies involving a variety of observables and higher statistics are expected to improve the accuracy of these measurements and to allow a precise determination of the absolute parton energy loss as a function of the parton p T and the average path length traversed in the medium.
c. Internal structure of jets. In addition to the studies quantifying the energy loss due to the parton interaction with the medium it is also interesting to study the modifications of the jet fragmentation properties with respect to the fragmentation in pp collisions. These are usually studied using jet fragmentation functions defined as the yield of fragments in bins of fractional reconstructed jet momentum z = p track T /p jet T . In Pb-Pb collisions at p T > 4 GeV/c no significant modification of the fragmentation function is observed [84] . However, if lower p T particles are included in the analysis, the fragmentation function in Pb-Pb collisions [84] [85] [86] shows an enhancement of soft particles, a suppression of particles with intermediate momentum fractions, and little modification of hard ones. While the excess of soft particles is related to the jet quenching, the intermediate and high-p T jet structures may also be explained by an increasing gluon-to-quark ratio. See [87] for a detailed discussion.
Currently, the complexity of the measurements and the many biases that accompany them make a direct comparison between experimental and theoretical observables very difficult. New observables are being established that are both measurable and calculable with well-controlled precision. An example of such new analyses is the measurement of the modification of the jet shapes, as proposed by CMS [88] . This measurement indicate a redistribution of the energy inside the cone in central Pb-Pb collisions. Specifically, the results show a depletion of a fraction of the jets' p T at intermediate radii, 0.1 < r < 0.2 and an excess at large radii, r > 0.2. Another measurement, of the radial energy profile of the jet [89] proposed by ALICE, allows discriminating between two competing scenarios: jet quenching that results in intra-jet broadening (due to the energy loss the jet cone becomes wider), or collimation (most of the energy carried by the jet is collimated closer to the jet axis). The measurements indicate that the jet cores in Pb-Pb are more collimated and have higher p T than the jet cores that were simulated with models that did not include energy loss mechanisms.
In addition to probing the internal structure of jets with reconstructed jets one can use two-particle correlation techniques. In particular, detailed studies of the baryon/meson yields in jets [90] at low and intermediate p T provide further insight into the jets composition. The measurements have shown no strong modification of the baryon/meson ratio relative to that in pp collisions. This demonstrates that the overall baryon/meson enhancement observed in PbPb collisions (see Ref. [10] ) is due to the bulk underlying event. Further ongoing measurements in ALICE based on strange particle reconstruction inside the jets promise to provide additional input to study, with higher precision, hadronchemistry in the jets and the question of the modification of the fragmentation function involving particle identification.
d. Energy flow outside of jets. A fraction of the "lost" energy can be recovered within radii in the range R = 0.2-0.5 from the jet axis [88] ; however, even for the largest radius used for jet reconstruction at the LHC, a large suppression of inclusive jet yields and large dijet asymmetries are observed. Therefore, a number of measurements is performed to track the flow of energy far outside the nominal jet radius [76, [91] [92] [93] . Overall, studies of the energy flow in dijets show that energy balance is achieved at low momenta and very large radial distances relative to the jet axis.
Overall, the available data at the LHC and theoretical progress allowed a quantitative extraction of the jet quenching parameterq in the deconfined QGP matter, which has also been calculated in lattice QCD [94] . Values ofq of several GeV 2 /fm are extracted from the systematic study of [95] . However, from the theoretical point of view, the observations of the different properties of reconstructed jets are challenging the standard description of jet quenching in terms of medium-induced gluon radiation. Describing all of the data in this section will be important for the overall understanding of the phenomenon of jet quenching, which is being intensively studied theoretically in a variety of approaches. A complete summary of published results of jet measurements from the LHC is listed in Table 2 . Unlike light quarks and gluons, that can be produced or annihilate during the entire evolution of the fireball, the annihilation rate of heavy quarks is small [96] . In general, the total charm and beauty yields are not affected, contrary to their phase-space distributions, which opens up the possibility to better quantify their modification due to their interactions with the traversed medium (see Sec. 2). Furthermore, their interaction with the medium may redistribute their momenta to lower values; therefore, they may thermalize in the system and participate in the collective flow dynamics. Experimentally, two observables are usually studied to probe the interaction of heavy quarks with the medium; namely, the nuclear modification factor, R AA and the azimuthal anisotropy, quantified via the elliptic flow coefficient v 2 . They can exploit the mass and path-length dependence of heavy-quark energy loss and their comparison to theoretical models can give access to the measurement of the medium transport coefficients. Indeed, first measurements at RHIC (with electrons from heavy-flavour decays) established that heavy quarks lose energy as they traverse the hot and dense medium created in heavy-ion collisions and participate in the collective expansion of the fireball [97] .
At LHC, taking advantage of the much larger heavy-flavour production cross sections, heavy-flavoured particles were measured systematically in all systems, pp, p-Pb, and Pb-Pb, in many different channels, expanding the kinematic reach and increasing the precision of the measurements. Such studies at LHC were also extended to heavyflavoured tagged jets, reconstructed in heavy-ion collisions for the first time. Most importantly, the simultaneous measurement at the LHC of hidden and open heavy flavoured particles (which gives access to the total production cross section), should make it possible to better interpret the medium-induced effects (such as the observed J/ψ suppression at SPS, where measurements of open charm were not accessible).
Here we present some selected results, also highlighting measurements of the reference systems that are relevant to the study of heavy flavours. The published results to date are summarized in Tables 3 and 4 . Other review papers can be found in [17, 18, 98] . Fig. 4-left. The results, at high-p T (8 < p T < 12 GeV/c), show, within the precision of the measurement, a substantial suppression, compatible with that of non-strange mesons, indicating strong coupling of charm quarks with the deconfined created medium [103] . At lower p T (4 < p T < 8 GeV/c), within large uncertainties, the D + s R AA is larger than the D-meson R AA [103] . This is in agreement with the expectation that D s is sensitive to a possible hadronisation of charm quarks via their (re)combination with light quarks from the medium. Because of the predicted strangeness enhancement in the QGP, an increase of the D s R AA relative to the other D-mesons is expected in the p T range where (re)combination may be relevant [104] . Such measurements can contribute to a better understanding of the different underlying processes which is pursued studying in a systematic way the different collisions systems, pp, p-Pb, Pb-Pb.
The R AA of D mesons in minimum bias p-Pb collisions at √ s NN = 5.02 TeV is also compared to the Pb-Pb data in Fig. 4 -left. It is found to be consistent with unity at high-p T which supports the hypothesis that the suppression of the D mesons yield observed in central Pb-Pb collisions is a final-state effect induced by the medium. Theoretical calculations including CNM effects, that could be present in the initial nuclei, are in good agreement with the experimental results [105] . The CNM effects are found to be small at intermediate and high p T while they increase towards low p T .
b. B measurements. At the high LHC energies, in addition to charm, the beauty production can be measured with high-statistics. Measurements of beauty hadrons are typically exploiting decay channels that proceed as a b to c hadron cascade. The first measurement of non-prompt J/ψ (originating from B-mesons decays) in heavy-ion collisions, exploiting the inclusive B decays to J/ψ + X, was performed by the CMS collaboration showing a significant suppression [110] . This first measurement was confirmed by ALICE [111] and was extended by CMS also exploring the p T dependence of R AA [112] . Most recent results of non-prompt J/ψ R AA presented in Fig. 5 -right as a function of participating nucleons, N part , show a significant suppression of beauty for all measured centralities in the range 6.5 < p T < 30 GeV/c. Another method to study beauty is exploiting semi-leptonic decays of heavy flavour. Such an approach was employed by ALICE, first in pp [113, 114] and then in Pb-Pb [115] collisions. The results of different methods are compatible, showing a similat suppression pattern for p T larger than about 5 GeV/c. The measurements were extended with the study of correlations of electrons and the associated charged hadrons exploiting specific characteristics of B hadron decays [113] . Complementary studies to those with B mesons are based on measurements of reconstructed jets originating from b quarks, which were extended, for the first time, from pp [116, 117] (see  Sec. 2), the nuclear modification factors R AA of light-and heavy-flavoured particles are compared in Refs. [17, 18, 52, 94, 101] , with gradually improved statistics and analysis methods, including identified pions [118] and reconstructed b-tagged jets [106] . A caveat to keep in mind in such comparison is that the predicted mass hierarchy is expected to be more pronounced at p T comparable to the quark masses and should progressively fade away at higher p T , while at low p T collective phenomena may play a role. In addition, a number of effects that may alter the predicted suppression pattern have to be taken into account [35] . These include the differences between the primordial spectral shapes of the produced partons and their fragmentation functions, which are harder for heavy quarks than for light quarks. Furthermore, at low-p T , light-flavoured particles are mainly produced via soft processes, in contrast to the heavy-flavoured hadrons.
As can be seen in Fig. 5 -left, a definite conclusion for the comparison of light-and charmed-flavoured particles R AA needs further support from experimental data. It is also clear that the p T range selected for comparisons strongly affects the results when they are presented as function of centrality (reflecting contributions from different physics processes at the different p T regimes). Figure 5 -right shows the R AA of charged pions [100] , D mesons [100] and non-prompt J/ψ [112] as function of centrality (expressed in terms of the average number of participating nucleons N part ). The results show that the R AA of D mesons and charged pions measured in the range 8 < p T < 16 GeV/c are consistent; within uncertainties R AA (D)≈R AA (π) for all studied collision centralities [100] . This observed agreement is reproduced by models which include the different fragmentation functions and shapes of the primordial p T distributions of the different parton types [35] , in addition to the expected energy-loss hierarchy.
On the other hand, the comparison of the R AA of D mesons [100] and non-prompt J/ψ originating from beauty hadron decays [112] , presented in Fig. 5 -right as a function of centrality, shows the expected suppression pattern [100] . The observed pattern is reproduced by pQCD models including mass-dependent radiative and collisional energy loss [119] . However, further effects have to be taken into account, including detailed considerations of the kinematics and the most appropriate p T ranges for such comparisons (e.g. the p T of the J/ψ is shifted relative to that of the parent B meson, by about 2-3 GeV/c, in the p T range of the CMS measurement [17] ). These studies are complemented with measurements of b-jet production at high p T . The observed suppression is significant [106] and is qualitatively consistent with the one of inclusive jets [120] suggesting that, at high p T , a large flavour-dependent parton energy loss is unlikely. Although quark mass effects are not expected to play a role at this high p T region, the difference expected for the energy loss between quarks and gluons should become apparent as a difference in the R AA for b-and inclusive jets as the latter are dominated by gluon jets up to very high p T . Further considerations, taking into account details of possible production mechanisms (such as gluon splitting [107] ), are being pursued.
d. Heavy-flavour elliptic flow. The large energy loss suffered by heavy quarks in the QGP is an indication of their "strong coupling" with the medium which is dominated by light quarks and gluons. If heavy quarks interact strongly with the medium, heavy-flavoured hadrons could inherit the medium azimuthal anisotropy, quantified by v 2 , see Sec. 2.
The ALICE collaboration studied the elliptic flow of charm in three centrality ranges. The averaged v 2 values of D 0 , D + , and D * + are presented in Fig. 6 -left for the centrality range 30-50% [121] . These results represent the first direct observation of non-zero v 2 of a heavy-flavoured particle. The D meson results are compatible to the chargedparticle v 2 measurement obtained with the same analysis method, in the p T range 2-8 GeV/c. Similar measurements of J/ψ show a positive v 2 (see Sec. 5.2) which can be used to disentangle the charmonium production mechanisms.
The large v 2 of charm, at p T around 2 GeV/c, of same magnitude as the light-hadron v 2 can be considered as an indication of the charm-quark thermalization in the medium which then also participate in the collective expansion. At higher p T a positive v 2 may be generated because of the difference of the path length in the medium for charm quarks emitted in-plane compared to those emitted out-of-plane, opening up the possibility to study the path-length dependence of the parton energy loss. These observations confirm the significant interaction of heavy quarks with the medium.
Overall, the simultaneous measurement of R AA and v 2 provides a powerful tool to disentangle the interplay of various energy loss mechanisms and imposes important constraints on theoretical models. In Fig. 6 the measured v 2 and R AA of D mesons are compared with different models. Theoretical advances and systematic comparisons with experimental data focus on the challenging task of describing quantitatively at the same time the R AA and v 2 of lightand heavy-flavoured particles over the full p T range. In addition, such comparisons can give access to the heavy-quark transport coefficients in the QGP [18, 97] . 
Quarkonia
The nature and properties of the medium can be further studied exploiting measurements of quarkonia. Quarkonium is a bound state of QQ, where Q can be either a charm quark (forming a charmonium state) or a bottom quark (bottomonium state). Such probes have played a special role since it was argued that the disappearance of specific quarkonia states would signal the presence of a deconfined medium of a specific temperature. In particular, the mechanism of J/ψ (cc) suppression in a deconfined medium, based on colour screening arguments (analogue to Debye screening in electromagnetic plasma) was first proposed in [129] while further refinements predicted a pattern of "sequential melting" [130] [131] [132] dependent on the binding energy of quarkonium states, including both the cc and bb states. Because the Debye length in a deconfined system is temperature dependent [131] the predicted hierarchy of quarkonium dissociation was thus expected to also probe the temperature of the medium, providing a so-called "QGP thermometer" [131] . In particular, calculations on the lattice give details on the screening mechanism and allow the calculation of the (static) colour screening length; for a review see [133] . Table 1 , derived from [134] , summarises the different cc and bb states and their binding energies ∆E in the vacuum. The listed binding energies are the differences between the quarkonium masses and the open charm or beauty threshold, respectively. Figure 7 -left summarises theoretical calculations of the ranges of the dissociation temperatures, relative to the critical temperature T c , of different bound states (ψ up to Υ(1S)) obtained on the basis of different models. For example, on the basis of lattice QCD calculations, experimental observations of dissociation of the most bound states Υ(1S)) would indicate a deconfined matter of a temperature in the range 2-4 T c (350 -650 GeV).
The interpretation of the observed suppression pattern is not trivial; a quantitative description must consider feeddown from excited states, which contributes a significant fraction of the J/ψ inclusive yield in pp collisions. Figure 7 right shows the sequential quarkonium suppression for J/ψ (upper) and Υ(1S) (lower) states. Furthermore, in addition to mechanisms related to hot matter, other effects related to cold nuclear matter, may affect the quarkonium production. Techniques used in calculations: lattice QCD [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] , QCD sum rules [146] [147] [148] [149] [150] [151] , AdS/CFT [152] [153] [154] [155] , effective field theories [156, 157] , and potential models [144, [158] [159] [160] [161] [162] [163] [164] . Figure from [145] . (Right) Sequential quarkonium suppression for J/ψ (upper) and Υ(1S) (lower) states [132] .
The assessment of the size of these effects is fundamental to interpret the AA quarkonium results. Such CNM effects could include: (i) initial-state nuclear effects on the parton densities (shadowing); (ii) coherent energy loss consisting of initial-state parton energy loss and final-state energy loss; and (iii) final-state absorption by nucleons (expected to be negligible at LHC energies) [165] [166] [167] [168] [169] [170] [171] [172] . The study of pA collisions is important to disentangle the effects of QGP from those of CNM, and to provide essential input to the understanding of nucleus-nucleus collisions.
In addition, at very high energies, a new production mechanism is thought to be at work (in the case of charmonium); namely, the abundant production of c andc quarks 5 could lead to charmonium production by (re)combination of these charm quarks during the collision history [173] or at hadronization [174, 175] .
The measurements of J/ψ in Pb-Pb collisions at LHC was expected to provide an opportunity to disentangle dissociation and (re)combination effects. The observation of either one (or both) of these predicted phenomena i.e. quarkonium suppression or/and heavy-quark (re)combination implies the existence of a deconfined QGP state.
To interpret the results of quarkonia production and deduce the effects of a deconfined medium it is important to understand if and how the medium presence modifies the fraction of produced cc pairs that are going into charmonium formation. The general idea at LHC is to normalize quarkonium production to the production of open charm that is dominant. While it is difficult to precisely quantify, the current understanding is that, at first order, the production process in elementary hadronic collisions starts with the formation of a cc pair which can then either lead to production of open charm (about 90%) or bind to form a charmonium state (about 10% ) of all charmonia [176] . Then, the crucial quantity to measure is the fraction of charmonia relative to open charm (and in general the fraction of quarkonia to the relevant open heavy-flavour production [176, 177] ). If this quantity is measured over the full phase space, down to zero p T , then the kinematic biases and effects of any possible initial-state modification should cancel out. Hence, any observed modifications relative to the pp collisions would then be due to final-state effects. Despite the fact that such measurements are experimentally challenging, first results from ongoing analyses at LHC are presented in [17, 18] ; although the question of the appropriate p T intervals and interpretation of such comparisons are still to be addressed 5 The number of cc pairs per event is increasing from 0. by theory.
a. Charmonium results. ALICE studied the evolution of the J/ψ R AA with centrality for p T > 0 GeV/c in Pb-Pb collisions at √ s NN = 2.76 TeV, see Fig. 8-(a) , and at √ s NN = 5.02 TeV [178] . These results are compared with RHIC measurements in Au-Au collisions at √ s NN = 200 GeV and found to be strongly dependent on collision energy. Since more charm quarks are expected to be produced at the LHC than at RHIC, higher R AA values at LHC can be attributed to the (re)combination which dominates J/ψ production at low p T . CMS results for high-p T J/ψ in the range 6.5 < p T < 30 GeV/c compared with RHIC results at p T > 5 GeV/c show a behaviour opposite to that observed at low p T , see Fig. 8-(b) . For those high-p T particles the observed suppression is stronger at higher collision energy, as expected from the dissociation of the J/ψ state due to the high temperature of the QGP. Comparison with models has to take into account the contributions of the competing mechanisms of dissociation and (re)combination at low p T . as a function of rapidity for prompt ψ(2S ) and J/ψ compared to the theoretical predictions from (yellow dashed line and brown band) [166, 182] , (blue band) [168] , and (green solid and blue dash-dotted lines) [167] . Figure from [183] .
An additional experimental handle that is studied in order to disentangle the different production mechanisms is the measurement of v 2 . A positive v 2 (at low p T ) measured for D mesons (see Sec. 5.1-d) indicates that charm quarks participate in the collective expansion of the QGP medium. If J/ψ is produced via (re)combination, it could inherit the elliptic flow of charm quarks in the QGP, and consequently, J/ψ are expected to exhibit a measurable v 2 . ALICE measured a non-zero v 2 for inclusive J/ψ in semi-central Pb-Pb collisions at forward rapidity [184] in the range 2 < p T <6 GeV/c. Including statistical and systematic uncertainties the combined significance of a non-zero v 2 in this p T range is 2.7σ. Transport models [185, 186] that include a fraction of J/ψ production through regeneration mechanisms (at the level of about 30%) describe fairly well the v 2 measurement (and at the same time describe the J/ψ R AA shown in Fig. 8-(a-b) ). Furthermore, primordial J/ψ may acquire a v 2 component induced by the path-length dependence of energy loss. Thus, the final v 2 with a predicted maximum at p T about 2.5 GeV/c, compatible with the ALICE measurement, could be the result of the interplay of the regeneration component, which dominates at low p T and the primordial J/ψ component which takes over at higher p T . Complementary measurements of prompt J/ψ v 2 by CMS [187] cover also higher p T up to about 30 GeV/c supporting the path-length dependence of partonic energy loss [58] .
b. Charmonia in pA collisions. The production of the J/ψ meson was studied using p-Pb data by ALICE [188] [189] [190] and LHCb [191] . The J/ψ R pA shows a strong dependence on rapidity and p T , and the results are in agreement, within uncertainties, with theoretical predictions, based on a pure nuclear-shadowing scenario [168, 192] , as well as with partonic energy loss, either in addition to shadowing or as the only nuclear effect [172] . Similar measurement of inclusive Υ(1S) R pPb integrated over the backward or forward rapidity ranges, are compared to several model calculations in Fig. 8-(c) . None of the calculations fully describe the data, both at the backward and forward rapidity. Additional measurements with higher statistics are needed to further constrain the models.
In addition, the study of the ψ(2S ) state [183, 193] , which is more weakly bound than the J/ψ, can provide further insight on charmonium behaviour in pA collisions. At LHC energies, the time that the cc pair spends in the created medium is much shorter than the time the pair needs to evolve into a fully-formed resonance state, like the J/ψ or the ψ(2S ). Thus, cold nuclear-matter effects, such as shadowing or coherent energy loss, should affect only the preresonant state and therefore are expected to be very similar for the two charmonium states. The results for prompt ψ(2S ) and J/ψ are shown in Fig. 8-(d) . The ψ(2S ) suppression was unexpectedly found to be stronger than that of the J/ψ [194] . Thus, an additional final-state mechanism, which affects only the weakly bound ψ(2S ), is needed to explain the observed pattern. A natural explanation is the introduction of the ψ(2S ) dissociation by comovers in a hadronic medium (possibly including a short-lived QGP phase created in pA collisions) [195, 196] .
c. Bottomonia results. Furthermore, the high LHC energies open up the possibility for high-statistics precision studies of the Υ family (bb bound states distinguished by the hierarchy of their binding energies). A distinct suppression pattern of the Υ (nS) states is expected, within an in-medium dissociation scenario, which would reflect their different binding energies, e.g Υ(1S ) should melt at higher energy than Υ(2S ) and Υ(3S ) as was shown in Table 1 and Fig. 7 right. An added advantage is that, for the bottomonium family, the uncertainties due to CNM effects as well as (re)combination effects are expected to be of less importance compared to the charmonium family [17] .
The first high-statistics results on Υ production in heavy-ion collisions were presented by CMS in [197] . Figure 9 shows the dimuon invariant-mass spectra in the Υ mass range for Pb-Pb (left) and pp (middle) [198] at √ s NN = 2.76 TeV collision energy for both systems. It can be seen that the most tightly bound Υ(1S ) state is clearly visible for both Pb-Pb and pp systems (leftmost peak), whereas the Υ(2S ) and Υ(3S ) states, observed in pp collisions, are strongly suppressed in Pb-Pb. In Fig. 9 -right the suppression of Υ(1S ) and Υ(2S ) as a function of centrality quantified by the R AA is presented. The measurements confirm a sequential suppression of the observed bound states, Υ(1S ) (R AA = 0.43 ± 0.03 ± 0.07), Υ(2S ) (R AA = 0.13 ± 0.03 ± 0.02) and Υ(3S ) (with upper limit R AA = 0.14 at 95% CL), as expected in the scenario of sequential melting [198] . Further measurements show that feed-down from excited states (see [17] for a review) seem not sufficient to explain the observed Υ(1S ) R AA , which may suggest a possible suppression also for this strongly-bound state, indicating the very high temperature of the produced QGP, in the range 2-5T c , as deduced from Fig. 7 -left.
d. Heavy flavour in pp. Heavy-flavour measurements in pp collisions provide an important testing ground for various aspects of QCD. Because a hard scale is already introduced by their heavy mass, the partonic hard scattering processes can be calculated in the pQCD framework down to low p T and the total cross section can be computed integrating over p T . On the other hand, the formation of a quarkonium state is a non-perturbative process because it involves long distances and soft momentum scales. Hence, heavy-flavour studies can test both aspects, perturbative and nonperturbative, of QCD calculations. The total charm and beauty production cross sections, are found, within uncertainties, to be well described by pQCD calculations, as a function of the collision energy and including the LHC data [113, 199] .
Understanding heavy-flavour production in pp collisions is crucial for the interpretation of the heavy-flavour measurements in AA collisions. The correlation of open and hidden heavy-flavour yields to the charged-particle multiplicity can provide important insight into the production mechanism of heavy quarks and probe the interplay of hard and soft QCD processes that are responsible for particle production. They can provide information on the role of multi-parton interactions (MPI) where several hard parton-parton interactions take place in the same event with no correlations among them [200] [201] [202] [203] . In addition, heavy-flavour production could be affected from final-state effects because of the high-multiplicity environment of high-energy pp collisions [204, 205] . The yields of inclusive J/ψ, non-prompt J/ψ and prompt D mesons were measured in pp at √ s = 7 TeV as a function of the charged-particle multiplicity and were found to increase with increasing multiplicity for measurements at midrapidity. In particular, the average D meson relative yields 6 show a faster than linear increase at the highest multiplicities [206] and are quantitatively described by model calculations [207] including contributions of MPI to particle production. The observed increase can also be interpreted in terms of the event hadronic activity which is accompanying the production of the heavy-flavour hadrons. The observed similarity of the enhancement of open and hidden heavy flavour yields suggests that the enhancement is most likely related to the heavy-quark production mechanisms rather than hadronisation. Further measurements, in progress, of J/ψ production in different rapidity regions indicate the expected differences because of the different physics mechanisms in play at different rapidity domains. Such studies have been extended with the measurement of cross sections of Υ normalized by their event activity integrated values in Pb-Pb collisions at √ s NN = 2.76 TeV, which also show an increase with increasing charged-particle multiplicity [208] . In addition, analogous measurements are being performed for p-Pb collisions where similar trends are also observed. While different aspects of the analysis are under active investigation these unexpected intriguing results will have a significant impact on the understanding of the heavy-flavour production mechanism and the interpretation of the p-Pb and Pb-Pb results.
In summary, the abundant production of heavy flavours at LHC opened up the possibility for detailed studies of QCD in high-energy hadronic collisions; from their production mechanisms in pp collisions, and their modification in pA collisions to nailing down the properties of the hot and dense strongly-interacting QGP matter in AA collisions.
Summary
With the Heavy-Ion Standard Model having passed its first tests a quantitative and systematic study of the sQGP has been (and is currently being) carried out at LHC with the aim to measure with better precision its properties and parameters (like equation of state, viscosity, opacity). For such precision measurements the LHC took full advantage of the huge increase in beam energy, by a factor of 10 relative to RHIC (with the associated higher particle density facilitating precision measurements of flow observables and the larger cross sections for hard probes) thanks to a powerful new generation of state-of-the-art experiments (ALICE, ATLAS, CMS, LHCb), characterized by excellent vertexing, tracking, particle identification, and also large phase-space coverage in p T and rapidity.
In this article we have presented an overview of the results of hard probes from Pb-Pb collisions at the CERN LHC at collision energy of √ s NN = 2.76 TeV as well as studies of the reference pp and p-Pb systems. Jet quenching and heavy-quark measurements probe the QGP properties over a wide range of length scales and can therefore provide information not accessible via other measurements. An impressive range of novel results, some accessible for the first time, were obtained. The first measurements of fully-reconstructed jets at the LHC contributed to the determination of the medium transport coefficientq with reduced systematic uncertainty. Measurements of heavy-flavour azimuthal anisotropies indicate that a significant fraction of the produced heavy quarks diffuse in the strongly-coupled QGP and are carried along with it as it flows. The trend of the quarkonia suppression at small transverse momenta, observed from SPS to LHC energies, established deconfinement in the quark-gluon plasma and allows quantitative studies. The study of charmonia enhanced the understanding of the interplay of different mechanisms and the role of recombination. The measured sequential suppression of the bottomonium family demonstrated the prediction of the dissociation pattern of the quarkonia states depending on their binding energy. The question of possible recombination and thermalization also of the b-quarks is being investigated. Further progress of such studies will be achieved with a precision measurement of the total charm production cross section by measuring the different open-charm decay channels down to the lowest possible p T to minimize extrapolation errors. Last but not least, the development of new observables for jet measurements and adapting well-tested tools, typically used to study properties of jets in pp collisions, is expected to help establishing well-defined observables that are measurable and calculable with well-controlled precision, and hence, a direct link between theory and experimental measurements.
To better present a snapshot of the current state of the field, many preliminary measurements were included, while many more interesting, new results are expected from analyses in progress. Moreover, the LHC collaborations are in the process of upgrading the present detectors with the aim to enhance the precision of the measurements related to hard probes. In particular, improving vertexing and tracking capabilities is especially important for the detection of heavy flavoured observables and extending their kinematic converge at low p T . In addition, developments are targeting data taking at considerably higher rates. This will provide an unprecedented amount of data, allowing even more precise measurements of hard probes, which will result in a yet better understanding of the QGP.
Overall, heavy-ion research, actively being pursued by an increasing number of scientists, at different research facilities is greatly contributing in understanding the nuclear aspects of nature. Hard probes, referred to as "rare probes" in the past, are presently abundantly produced at LHC, allowing us to perform multi-differential measurements, which have already provided significant insights into the physics of the QGP and they promise even more interesting results in the future. Table 2 : Reconstructed jet published results obtained in AA from LHC experiments. The experiment, the measurement, the colliding system, the energy in the centre-of-mass system √ s NN , R (the jet cone radius), the observables as well as the references are given. [224] 1.6 < |y| < 2.4 3 -6.5 Table 4 : Quarkonium results obtained in AA from LHC experiments. The experiment, the probes, the collision energy, the covered kinematic range and the observables are given. The tables are taken from [17] [187] 1.6 < |y| < 2.4 3 <p T < 30 |y| < 1. |y| < 2.4 p T > 0 R AA (cent.) [197, 231] (N Υ(2S) /N Υ(1S) ) Pb−Pb (N Υ(2S) /N Υ(1S) )pp (cent.) [208] 
Measurement
yield, R AA (cent., p T , y) [232] 
